This lecture discusses the Higgs boson sectors of the SM and the MSSM, in particular in view of the recently discovered particle at ∼ 125. 
ones are the Standard Model (SM) [7] and the Minimal Supersymmetric Standard Model (MSSM) [8] . The newly discovered particle can be interpreted as the SM Higgs boson. The MSSM has a richer Higgs sector, containing two neutral CP-even, one neutral CP-odd and two charged Higgs bosons. The newly discovered particle can also be interpreted as the light (or the the heavy) CP-even state [9] . Among alternative theoretical models beyond the SM and the MSSM, the most prominent are the Two Higgs Doublet Model (THDM) [10] , non-minimal supersymmetric extensions of the SM (e.g. extensions of the MSSM by an extra singlet superfield [11] ), little Higgs models [12] and models with more than three spatial dimensions [13] .
We will discuss the Higgs boson sector in the SM and the MSSM. This includes their agreement with the recently discovered particle around ∼ 125.5 GeV and the searches for the supersymmetric (SUSY) Higgs bosons at the LHC. While the LHC, after the discovery of a Higgs-like boson, will be able to measure some of its properties, a "cleaner" experimental environment, such as at the ILC, will be needed to measure all the Higgs boson characteristics [14, 15, 16] .
II. THE SM AND THE HIGGS

A. Higgs: Why and How?
We start with looking at one of the most simple Lagrangians, the one of QED:
Here D µ denotes the covariant derivative
ψ is the electron spinor, and A µ is the photon vector field. the QED Lagrangian is invariant under the local U(1) gauge symmetry,
A µ → A µ + 1 e ∂ µ α(x) .
Introducing a mass term for the photon,
however, is not gauge-invariant. Applying Eq. (4) yields
A way out is the Higgs mechanism [1] . The simplest implementation uses one elementary complex scalar Higgs field Φ that has a vacuum expectation value v (vev) that is constant in space and time. The Lagrangian of the new Higgs field reads
with
Here λ has to be chosen positive to have a potential bounded from below. µ 2 can be either positive or negative, where we will see that µ 2 < 0 yields the desired vev, as will be shown below. The complex scalar field Φ can be parametrized by two real scalar fields φ and η,
yielding
Minimizing the potential one finds dV dφ φ=φ 0 = µ 2 φ 0 + λφ
Only for µ 2 < 0 this yields the desired non-trivial solution
The picture simplifies more by going to the "unitary gauge", α(x) = −η(x)/v, which yields a real-valued Φ everywhere. The kinetic term now reads
where the second and third term describe the interaction between the photon and one or two Higgs bosons, respectively, and the first term is the photon mass,
Another important feature can be observed: the coupling of the photon to the Higgs is proportional to its own mass squared.
Similarly a gauge invariant Lagrangian can be defined to give mass to the chiral fermion
where y ψ denotes the dimensionless Yukawa coupling. Inserting Φ(
Again the important feature can be observed: by construction the coupling of the fermion to the Higgs boson is proportional to its own mass m ψ .
The "creation" of a mass term can be viewed from a different angle (see also Ref. [17] ).
The interaction of the gauge field or the fermion field with the scalar background field, i.e. the vev, shifts the masses of these fields from zero to non-zero values. This is shown graphically in Fig. 1 for the gauge boson (a) and the fermion (b) field. The shift in the propagators reads (with p being the external momentum and g = eq in
Eq. (19)):
B. SM Higgs Theory
We now turn to the electroweak sector of the SM, which is described by the gauge symmetry SU(2) L × U(1) Y . the bosonic part of the Lagrangian is given by
Φ is a complex scalar doublet with charges (2, 1) under the SM gauge groups,
From the measurement of the gauge boson masses and couplings one finds v ≈ 246 GeV.
Furthermore the two massive gauge boson masses are related via
We now turn to the fermion masses, where we take the top-and bottom-quark masses as a representative example. the Higgs-fermion interaction Lagrangian reads
Going to the "unitary gauge" the Higgs field can be expressed as
and it is obvious that this doublet can give masses only to the bottom(-type) fermion(s). A way out is the definition of
which is employed to generate the top(-type) mass(es) in Eq. (40) . Inserting Eqs. (41) , (42) into Eq. (40) yields
where
The mass of the SM Higgs boson, M SM H , is in principle a free parameter in the model. However, it is possible to derive bounds on M SM H derived from theoretical considerations [18, 19, 20] and from experimental precision data [21, 22] .
Evaluating loop diagrams as shown in the middle and right of Fig. 2 
with t = log(Q 2 /v 2 ), where Q is the energy scale. 
For large
For
= 1 one finds that λ diverges (it runs into the "Landau pole"). Requiring λ(Λ) < ∞ yields an upper bound on M
2
H depending up to which scale Λ the Landau pole should be avoided, 
Demanding V (v) < V (0), corresponding to λ(Λ) > 0 one finds a lower bound on M 2 H depending on Λ,
The combination of the upper bound in Eq. (46) and the lower bound in Eq. (49) on M H is shown in Fig. 3 . Requiring the validity of the SM up to the GUT scale yields a limit on the In this discussion it must be kept in mind that a measurement of the total width and thus of individual couplings is not possible at the LHC (see, e.g., Ref. [16] and references therein).
In the SM, for a fixed value of M H , all Higgs couplings to other (SM) particles are specifed.
Consequently, it is in general not possible to perform a fit to experimenal data within the SM, where the Higgs couplings are treated as free parameters. Therefore, in order to test the compatibility of the predictions for the SM Higgs boson with the (2012) experimental data, the LHC Higgs Cross Section Working Group proposed several benchmark scenarios for "coupling scale factors" [26, 29] (see Ref. [30] for a recent review on Higgs coupling extractions). Effectively, the predicted SM Higgs cross sections and partial decay widths are dressed with scale factors κ i (and κ i = 1 corresponds to the SM). Several assumptions are made for this κ-framework: there is only one state at 125.5 GeV responsible for the signal, the coupling structure is the same as for the SM Higgs (i.e. it is a CP-even scalar), and the zero width approximation is assumed to be valid, allowing for a clear separation and simple handling of production and decay of the Higgs particle. The most relevant coupling strength
One limitation at the LHC (but not at the ILC) is the fact that the total width cannot be determined experimentally without additional theory assumptions. In the absence of a total width measurement only ratios of κ's can be determined from experimental data. An assumption often made is κ W,Z ≤ 1 [32] . A recent analysis from CMS using the Higgs decays to ZZ far off-shell yielded an upper limit on the total width about four times larger than the SM width [33] . However, here the assumption of the equality of on-shell and off-shell couplings of the Higgs boson plays a crucial role. It was pointed out that this equality is violated in particular in the presense of new physics in the Higgs sector [34] .
In the left plot of Fig. 7 we compare the results estimated for the HL-LHC (with 3ab 
III. THE HIGGS IN SUPERSYMMETRY
A. Why SUSY?
Theories based on Supersymmetry (SUSY) [8] are widely considered as the theoretically most appealing extension of the SM. They are consistent with the approximate unification of the gauge coupling constants at the GUT scale and provide a way to cancel the quadratic divergences in the Higgs sector hence stabilizing the huge hierarchy between the GUT and the electroweak (EW) scale. Furthermore, in SUSY theories the breaking of the electroweak symmetry is naturally induced at the EW scale, and the lightest supersymmetric particle can be neutral, weakly interacting and absolutely stable, providing therefore a natural solution for the dark matter problem.
The Minimal Supersymmetric Standard Model (MSSM) constitutes, hence its name, the minimal supersymmetric extension of the SM. the number of SUSY generators is N = 1, the smallest possible value. In order to keep anomaly cancellation, contrary to the SM a second Higgs doublet is needed [37] . All SM multiplets, including the two Higgs doublets, are extended to supersymmetric multiplets, resulting in scalar partners for quarks and leptons ("squarks" and "sleptons") and fermionic partners for the SM gauge boson and the Higgs bosons ("gauginos", "higgsinos" and "gluinos"). So far, the direct search for SUSY particles has not been successful. One can only set lower bounds of O(100 GeV) to O(1000 GeV) on their masses [38, 39] .
B. The MSSM Higgs sector
An excellent review on this subject is given in Ref. [40] . 
contains m 1 , m 2 , m 12 as soft SUSY breaking parameters; g, g ′ are as before the SU(2) and U(1) gauge couplings, and ǫ 12 = −1.
The doublet fields H 1 and H 2 are decomposed in the following way:
H 1 gives mass to the down-type fermions, while H 2 gives masses to the up-type fermions.
The potential (50) can be described with the help of two independent parameters (besides g Which values can be expected for tan β? One natural choice would be tan β ≈ 1, i.e. both vevs are about the same. On the other hand, one can argue that v 2 is responsible for the top quark mass, while v 1 gives rise to the bottom quark mass. Assuming that their mass differences comes largely from the vevs, while their Yukawa couplings could be about the same. the natural value for tan β would then be tan β ≈ m t /m b . Consequently, one can
The diagonalization of the bilinear part of the Higgs potential, i.e. of the Higgs mass matrices, is performed via the orthogonal transformations
The mixing angle α is determined through
with m h,tree defined below in Eq. (60).
One gets the following Higgs spectrum:
2 neutral bosons, CP = +1 : h, H 1 neutral boson, CP = −1 : A 2 charged bosons :
At tree level the mass matrix of the neutral CP-even Higgs bosons is given in the φ 1 -φ 2 -basis in terms of M Z , M A , and tan β by 
From this formula the famous tree-level bound
can be obtained. The charged Higgs boson mass is given by
The masses of the gauge bosons are given in analogy to the SM:
The couplings of the Higgs bosons are modified from the corresponding SM couplings already at the tree-level. Some examples are
The following can be observed: the couplings of the CP-even Higgs boson to SM gauge bosons is always suppressed with respect to the SM coupling. However, if g 
The scalar quark sector
Since the most relevant squarks for the MSSM Higgs boson sector are thet andb particles, here we explicitly list their mass matrices in the basis of the gauge eigenstatest L ,t R and 
The soft SUSY-breaking parameters A t and A b denote the trilinear Higgs-stop and Higgssbottom coupling, and µ is the Higgs mixing parameter. SU(2) gauge invariance requires the relation 
Higher-order corrections to Higgs boson masses
A review about this subject can be found in Ref. [42] . In the Feynman diagrammatic (FD) approach the higher-order corrected CP-even Higgs boson masses in the MSSM are derived by finding the poles of the (h, H)-propagator matrix. the inverse of this matrix is given by
Determining the poles of the matrix ∆ Higgs in Eq. (73) is equivalent to solving the equation
The very leading one-loop correction to M 2 h is given by
where G F denotes the Fermi constant. Eq. (75) shows two important aspects: First, the leading loop corrections go with m 4 t , which is a "very large number". Consequently, the loop corrections can strongly affect M h and push the mass beyond the reach of LEP [43, 44] and into the mass regime of the newly discovered boson at ∼ 125.5 GeV. Second, the scalar fermion masses (in this case the scalar top masses) appear in the log entering the loop corrections (acting as a "cut-off" where the new physics enter). In this way the light Higgs boson mass depends on all other sectors via loop corrections. This dependence is particularly pronounced for the scalar top sector due to the large mass of the top quark and can be used to constrain the masses and mixings in the scalar top sector [9] , see below.
The status of the available results for the self-energy contributions to Eq. (73) can be summarized as follows. The complete one-loop result within the MSSM is known [45, 46, 47, 48] .
The by far dominant one-loop contribution is the O(α t ) term due to top and stop loops (α t ≡ h ) contributions -evaluated in the EP approach -are known for vanishing external momenta. An evaluation of the momentum dependence at the two-loop level in a pure DR calculation was presented in Ref. [62] . A (nearly) full two-loop EP calculation, including even the leading three-loop corrections, has also been published [63] . the calculation presented in Ref. [63] is not publicly available as a computer code for Higgs-mass calculations. Subsequently, another leading three-loop calculation of O(α t α 2 s ), depending on the various SUSY mass hierarchies, has been performed [64] , resulting in the code H3m (which adds the three-loop corrections to the FeynHiggs result). Most recently, a combination of the full one-loop result, supplemented with leading and subleading two-loop corrections evaluated in the Feynmandiagrammatic/effective potential method and a resummation of the leading and subleading logarithmic corrections from the scalar-top sector has been published [65] in the latest version of the code FeynHiggs [51, 65, 66, 67, 68] (also including the leading p 2 dependend two-loop corrections [69] ). While previous to this combination the remaining theoretical uncertainty on the lightest CP-even Higgs boson mass had been estimated to be about 3 GeV [66, 70] , the combined result was roughly estimated to yield an uncertainty of about 2 GeV [65, 71] ;
however, more detailed analyses will be necessary to yield a more solid result. Taking the available loop corrections into account, the upper limit of M h is shifted to [66] ,
(as obtained with the code FeynHiggs [51, 65, 66, 67, 68] ). This limit takes into account the experimental uncertainty for the top quark mass as well as the intrinsic uncertainties from unknown higher-order corrections. Consequently, a Higgs boson with a mass of ∼ 125.5 GeV can naturally be explained by the MSSM.
The charged Higgs boson mass is obtained by solving the equation
For the charged Higgs boson self-energy the full one-loop corrections are known [72, 73] as well as leading two-loop corrections at O(α t α s ) [74] . benchmark scenario [75, 76] (obtained with FeynHiggs [51, 65, 66, 67, 68] ).
An example for the various productions cross sections at the LHC is shown in Fig. 9 (for √ s = 14 TeV). For low masses the light Higgs cross sections are visible, and for
GeV the heavy CP-even Higgs cross section is displayed, while the cross sections for the CP-odd A boson are given for the whole mass range. As discussed above the g Abb coupling is enhanced by tan β with respect to the corresponding SM value. Consequently, the bbA cross section is the largest or second largest cross section for all M A , despite the relatively small value of tan β = 5. For larger tan β, see Eq. boson mass as well as (the then current) results for Higgs boson production and decay rates were taken into account. In Fig. 12 we show the results in the X t /M SUSY -mt 1 plane 
